Abstract As pollutions impose adverse effects on human health and environment, assessment of their dispersion within the urban regions can much help to control them. In urban regions, dynamics of pollutants will be affected by buildings and barriers, and to investigate the dispersion of the pollutants, these barriers must be considered. In this article, CFD simulation is done by applying the 3D approach, the k À e Realizable turbulence model and two Schmidt numbers (0.3 and 0.7). It has seen that height, length and width of the building in front of the wind, and, the distance between the two buildings back to the main building (the building on which the stack is present), have much influence on the concentration of pollutions. Although there are some differences between the results with different Schmidt numbers, the trend of changes of the concentration in different locations is identical for the two Schmidt numbers. 
Introduction
Air pollution is one of the consequences of industrial development which is increasing everyday by issues such as urbanization development and more consumption of fossil fuels. When the pollutants exit from the stack, they will disperse within the environment; this dispersion is influenced by the wind or the nearby buildings, and, in different locations can cause health problems for human. So, researchers want to find some ways to predict the concentration of pollutants within the environment, in order to minimize the adverse effects of pollution on humans and environment, by investigation of the concentration of the pollutants regarding wind, the proper design of buildings, and air ventilations.
There are various types of predicting the concentration of pollutants: the experimental wind tunnel method, the theoretical CFD method, the semi-experimental method and integral models such as ADMS [1] and ASHRAE [2] . Until recently, investigations of air quality modeling of urban regions were mostly carried out by the integral models, which are mostly based on the Gaussian distribution model [3, 4] . The pattern of pollutant dispersion flow from the stack of a rectangularshaped building was shown by ASHRAE [5] . Chan et al. [6] , in various studies, compared different models of RANS for dispersion modeling around buildings. Ridlle et al. [7] compared CFD and operational models for the dispersion over barriers and showed that for complicated geometries, which could not be modeled by ADMS, CFD is more applicable. Di Sabatino et al. [8] compared the CFD and integral model and obtained good results according to different Schmidt numbers, though, the integral model is not capable of, explicitly, predicting the details of the behavior of pollutants over buildings. Turbulence modeling and wind tunnel validation are one of the important ways of simulation. One of the disadvantages of the wind tunnel testing is the limitation of data gathering. Considering the Schmidt number for solving the mass transfer equations via CFD, in order to assess the pollution dispersion by RANS method, is very important [9] . In previous studies, good results are obtained for Schmidt numbers of 0.1, 0.3, and 0.7, and there was a good agreement between the numerical solution of RANS and the experimental one [8] . The dispersion of exhausted pollutants from a building roof stack situated in the wake of a neighboring tower has been studied using CFD with the realizable k À e turbulence model by [11] . Tominaga and Stathopoulos [12] simulated dispersion around an isolated cubic building by RANS and LES. Gousseau et al. [13] used two models, RANS and LES for simulating the pollution dispersion in a group of buildings in Montreal, and compared them with wind tunnel data. Chavez et al. [14] simulated the pollutant dispersion in the vicinity of the near field environment, by CFD and wind tunnel testing. The dispersion of pollutants from a stack over the roof of a building is strongly dependent on Schmidt number, though in the existence of the nearby buildings, changing of Schmidt number does not much influence on the magnitude of the dilution, especially downstream of the stack. CFD provides information about the vortex forming in the lee and between the buildings.
Cui et al. [15] investigated the inter-unit dispersion around a multi-story building under the effect of an upstream building. The presence of a low upstream building also greatly increases the average air exchange rate values and the pollutant reentry ratios below the source unit on the windward side of the downstream target building for normal wind incidence.
Yang et al. [16] estimated the flow fields and pollutant distributions in and around buildings with different window opening percentages (WOPs) employing computational fluid dynamic (CFD) simulations. When the WOP reaches 10%, the averaged effective intensity is reduced by 30% compared to the reference case when all windows are closed.
The validated CFD approach is applied to study the annual average effect of trees on the air quality by Vranckx et al. [18] . The impact of trees is simulated for a variety of vegetation types and the full range of approaching wind directions at 15°interval. The results show that due to the presence of trees the annual average pollutant concentrations increase with about 8% (range of 1-13%) for EC and with about 1.4% (range of 0.2-2.6%) for PM 10 .
In this article a residential complex with six buildings is investigated, and the aim is to assess the influence of the buildings in front of the wind. Dispersion is simulated in the nearfield with the RANS method. To do this, changes of height, length, and width of the building in front of the wind, and change in the distance between the two buildings back to the main one, are simulated for the pollution dispersion. Results are gathered via CFD and the k À e Realizable method [17] , and validated in accordance with the wind tunnel data of Chavez et al. [14] . CFD is done with Schmidt numbers of 0.3 and 0.7. In this research, carbon monoxide is selected as the pollutant.
Governing equations
RANS model is used for simulating turbulence flows. Using the RANS model for simulating the pollutant dispersion could lead to exact solutions. For simulating, in this article, one of RANS models, steady Realizable k À e, is used which is a reliable and vastly applicable model. The modeled transport equations for k and e in the realizable k À e model are [19] as follows: 
The constants are as follows:
For assessment of pollution dispersion in environment, Euler method is used, and the CO concentration is calculated as follows [19] :
Y i is the mass fraction of co, q is the density (kg m À3 ), v is the velocity vector (m s À1 ), and J i is the mass diffusion and equals to
where D i;m is the diffusion coefficient for species i in the mixture, l t is the turbulent viscosity, and Sc t is the Schmidt number which is the ratio of momentum diffusion (viscosity) to the mass diffusion (Sc t ¼ m t =D t ).
In the Realizable k À e method, equations of continuity, momentum, energy, the equation of turbulence kinetic energy transfer (k) and rate of turbulence dissipation (e) are solved. Discretization of all transport equations is done by the second order upwind scheme. For calculating the velocity and pressure fields, the SIMPLE algorithm is used. The convergence criteria for all residuals are considered to be 10 À5 . In this article, two Schmidt numbers of 0.3 and 0.7 are used with respect to the previous studies [14] .
Formula of normal dilution
As concentration of pollutants varies within the environment, Wilson formula [20] is used for normal dilution calculation, which is the ratio of the concentration of pollutant in the exhaust of the stack to the point which the concentration is calculated for, and is defined as follows:
D r is the ratio of mass fraction of pollutants at the exhaust of the stack to that of the point being considered, Q is the volumetric flow of pollutants at the exhaust of the stack, U H is the air velocity at the height of the building on which the stack is present (B 1 ), and equals to U H = 7.3 m s À1 , and H is the height of building B 1 , which is equal to H = 0.1 m.
Grid Independence and validation
Three types of coarse, fine and medium grids are used for the solution. The number of cells for the coarse, medium and, fine grids is 700,000, 1,050,000, and 1,350,000, respectively. In Fig. 1(a) , it can be seen that, the results obtained from the medium and fine grids have negligible differences, so, for the rest of the solution, the medium grid has been adopted due to CPU time. For validation of the solution, Chavez et al. [14] results are referenced. In this article, three buildings with different heights near each other are considered and, the pollutant, which is SF6, enters the environment from a stack over the roof of the middle building, and results are compared with the wind tunnel testes ( Fig. 1(b) ).
Geometries under consideration
In this article, a complex with six buildings is considered (Fig. 2) . Four cases of assessing the pollution dispersion are considered, with respect to the configuration changing of building B 6 and distance changing between the two buildings B 4 and B 5 ( Table 1) . Buildings B 1 through B 5 have constant dimensions for all cases (Fig. 3) . is 0.0075 m from each other ( Fig. 6(a) ). In addition, the concentration is calculated over the side wall of the building B 4 which starts from the ground and the distance between the points is 0.01 m (Fig. 6(b) ).
Computational domain, grid and boundary conditions
Computational domain is assumed to be parallelepiped (Fig. 7) . The dimension of the computational domain is as follows: if H to be the highest building, the distance between the side walls and the top wall to be 5H, and the outlet boundary to be 20H (in order to obtain a fully developed Figure 2 Layout of the buildings within the environment, location of the stack and direction of wind. Fig. 4(a) ) Height of the building B 6 Fig. 4(b) )
Width of the building B 6 Fig. 4(c) )
Length of the building B 6
The distance between the buildings B 5 and B 4
a The building B 6 has its initial dimensions. flow). For the inlet boundary, a 3H distance is assumed up to the first building.
For every case that a computational domain was investigated, around the stack, in order for accurate capture of different gradients (velocity, concentration, etc.) more fine meshes were used. This is also done around building B 1 in comparison with other buildings. Around the stacks, unstructured mesh, and for rest of the environment hexahedral meshes were used.
Number of meshes is between 800,000 and 1,200,000 with respect to the model under consideration.
The bellow wall (ground) is considered as a rigid surface with aerodynamic roughness length of y 0 = 0.0033 m [14] . In numerical model, roughness length is defined by height roughness k s (m), which with respect to the equation of Blocken et al. [10] , will be: k s ¼ 9:793y 0 =Cs, where Cs is the constant of roughness and equals to 0.5. k and e profiles for the inlet air, and wind tunnel data are taken from the article [14] . The inlet air velocity with respect to the average velocity profile is equal to U(y)/U ref = (y/y ref )
a and the exponent of the power law is 0.3, U ref is the wind velocity at the referenced height y ref , and y is the height from the ground [13] . The exhaust stack surface (CO), is defined by the inlet velocity and assumed to be 3 m/s. Turbulence quantities are calculated based on the hydraulic diameter (D h = 0.0025 m) and turbulence intensity is considered to be 10%. Side walls and top wall, will be assumed as slipping walls with no shear stress. At the outlet, an outflow will be assumed in order to create a fully developed flow (Fig. 6) . The walls are also defined as standard wall function, as most of the cells have a y + value of 30-300.
Results and discussion

Influence of height changes of the building faced to the wind (B 6 ) on dispersion
As the height of the building faced to the wind increases, the velocity of the wind between the buildings decreases. As shown in Fig. 8, as B 4 and B 5 decreases and will cause larger vortexes between buildings, as Robins et al. [21] showed the air flow pattern around a cubic.
In Fig. 9 , the influence of height increase of the building B 6 on dispersion over the roof of the building B 1 with Sc t = 0.3 ( Fig. 9(a) ) and Sc t = 0.7 ( Fig. 9(b) ) is shown. For the heights of H 1 and H 2 , as can be seen, the quantity of normal dilution upstream of the stack was not considered because of low influence of the building B 6 with heights of H 1 and H 2 on the wind and high influence of the wind on the pollutant. With respect to Fig. 9(a) , for the heights H 1 and H 2 which are less than or equal to the height of the building B 1 , an identical dilution quantity is predicted, and in the vicinity of the stack a more dilution is shown. Downstream of the stack, dilution is increased with increasing the height as we go far from the stack and the solution was done with Sc t = 0.3. As seen in Fig. 9(b) , dilution for the heights H 1 and H 2 , at downstream of the stack, is almost identical. At end points of the building B 1 , for all of the four heights, the quantity of concentrations is almost identical. At Sc t = 0.7, in the vicinity of the stack, a more dilution value is predicted with Sc t = 0.3.
Influence of width changes of the building faced to the wind on dispersion
Results of dilution for changes of the width of the building B 6 and the influence of width increase on pollutant dispersion over the roof of the building B 1 with Sc t = 0.3 ( Fig. 10(a) and Sc t = 0.7 ( Fig. 10(b) ) are investigated (Fig. 10) . With respect to Fig. 10(a) , upstream of the stack, a more dilution quantity is predicted for the W 1 which is the least width, and as the width of the building B 6 increases the dilution will decrease, but at locations after the stack, the dilution is increased as the width of the building B 6 increases, though if W B6 6 W B1 , an identical quantity is predicted for the downstream of the stack. The reason could be that, as the width of the building B 6 increases, a lager vortex is created, the influence of the wind on the locations faced to the wind and the dilution is decreased. The influence of wind on downstream of the stack is increased as the width is increased, and this will increase the dilution for the larger widths. When Sc t = 0.7 ( Fig. 10(b) ), at downstream of the stack, more 
dilution is predicted for W 2 with respect to W 1 , and as a whole, like the solution for Sc t = 0.3, for the points upstream of the stack, as the width increases the dilution decreases, and for the points downstream of the stack the dilution increases.
Influence of length changes of the building B 6
In Fig. 11 , the dilution for changes of the length of the building B 6 , and the influence of increasing the length of the building faced to the wind on dispersion over the roof of the building B 1 are shown for Sc t = 0.3 ( Fig. 11(a) ) and Sc t = 0.7 ( Fig. 11(b) ). As can be seen, increasing the length of the building B 6 leads to decreasing the concentration and increasing the pollutant dilution, though the decreased value in concentration is low. Upstream of the stack, for the length L 4 , the concentration quantity is more than other lengths, and the amount for the length L 2 is less than other lengths. As shown in Fig. 11 (a), increasing the length of the building faced to the wind will lead to more amount of dilution up to a limit but will lead to decreased amount of pollution dilution beyond that limit. The influence of wind on pollutant dispersion is decreased when the length of the building faced to the wind is increased beyond a limit, and the vortex generated by wind has less influence on dispersion and will lead to more amounts of the pollutant concentration. The concentration decreases, initially as the length increases and then will increase. Dilution for Sc t = 0.3 ( Fig. 11  (a) ) and Sc t = 0.7 ( Fig. 11(b) ), has a similar trend, though for the solution with Sc t = 0.3 a more amount of dilution is predicted with respect to the solution with Sc t = 0.7.
Influence of changing the distance between buildings B 4 and B 5
Contours of the concentration with respect to the changes of the distance between two buildings at height of the building B 1 are shown in Fig. 12 . As distance increases, wind flows between the buildings and causes decrease in the concentration. In Fig. 13 , dilution is shown over the side wall of the building B 4 . In Fig. 13(a) , at distances D 1 and D 2 , where the distance between the two buildings is less than the width of the building B 1 , an increase in the distance will cause increase in concentration and decrease in dilution, and the concentration increases as we go toward the top of the building. For the distances D 3 and D 4 that are more than the width of the building B 1 , from the bottom to the top of the building, concentration changes are less than the two other distances, though the concentration for the distance D 4 is more. For Sc t = 0.7 ( Fig. 13(b) ) a more dilution quantity is predicted with respect to Sc t = 0.3, as a whole.
Conclusion
In this article, with the aid of CFD, we investigated the influence of the configuration changes of a building faced to the wind and changes in the distance between the two back buildings, on the pollution dispersion in the surrounding environment, and the results are as follows:
Increasing the height of the building faced to the wind causes increase of the concentration within the environment. As height increases, the influence of the building on the wind will be more and will cause deviation of the wind and consequently the influence of wind on the pollutant will decrease, leading to a lower rate of transport of the pollutant after exiting from the stack. Also, the vortexes generated by the incidence of wind and the building, will cause the pollutants to move upstream of the stack, while at lower heights this influence decreases and the concentration of the pollutants at the upstream of the stack is very low. When the width of the building B 1 increases, the concentration changes upstream and downstream of the stack are completely different from each other. Upstream of the stack, as the width increases, the concentration increases but for downstream of the stack decreases. Increase of the length has a special prediction for the concentration, that is, up to a limit, increase of the length will cause decrease in the concentration and after that limit it will be followed by an increase in concentration. The influence of dimension changes of the building for the downstream of the stack is usually less than that of upstream.
Normalized dilution
Solutions with various Schmidt numbers show that although in some points the changes are sensible, the overall trend of concentration changes remains approximately same in models. (or The overall trend of concentration changes remains approximately same in different Schmidt numbers but in some points the changes are sensible. According to the results, dilution for Sc t = 0.3 and Sc t = 0.7, has a similar trend, though for Sc t = 0.3 a more amount of dilution is predicted with respect to Sc t = 0.7.) As distance between buildings increases, wind flows between the buildings and causes decrease in the concentration. Where the distance between the two buildings is less than the width of the buildings, an increase in the distance will cause an increase in concentration and decrease in dilution, and the concentration increases as we go toward the top of the building.
